Allatostatins, originally identi®ed in insects as peptide inhibitors of juvenile hormone biosynthesis, are regarded as potent inhibitory regulators of intestinal muscles in insects and crustaceans. However, accumulating data indicate that allatostatins might also be involved in modulation of skeletal neuromuscular events. We show that most ganglia of two isopod crustaceans (Idotea baltica and I. emarginata) contain pairs of large, allatostatin-immunoreactive motor neurons which supply several segmental muscles. Among them are the dorsal extensor muscles, of which some ®bres receive immunoreactive, varicose innervation. We demonstrate, on identi®ed muscle ®bres, that allatostatin exerts a twofold inhibitory effect: it reduces contractions of single voltage-clamped ®bres, and it decreases the amplitude of evoked excitatory junctional currents recorded from individual release boutons. No change in excitationcontraction threshold or in passive membrane parameters was observed. As the amplitude of miniature currents generated by spontaneously released single transmitter quanta was not changed, the inhibitory effect of the peptide on junctional currents must be of presynaptic origin. Supportive results were obtained on leg muscles of the crab Eriphia spinifrons, where allatostatin decreased evoked synaptic currents by reducing the mean number of transmitter quanta released by presynaptic depolarization without affecting the amplitudes of currents generated by single quanta. This effect of allatostatin was similar for two functionally different neurons, the slow and the fast closer excitor.
Introduction
A family of small neuropeptides characterized by the common C terminal pentapeptide sequence YXFGL NH 2 was originally isolated from the nervous system of the cockroach Diploptera punctata (Pratt et al., 1989 (Pratt et al., , 1991 Woodhead et al., 1989 Woodhead et al., , 1994 . Because they inhibit juvenile hormone synthesis in the corpora allata, they were termed allatostatins. Using biochemical isolation techni ques, a large number of peptides sharing a homologous C terminus were subsequently identi®ed in other insects including cockroaches Belle Âs et al., 1994; Weaver et al., 1994) , locusts , crickets (Lorenz et al., 1995) , Lepidoptera (Duve et al., 1997a,b) , and Diptera (Duve et al., 1993 (Duve et al., , 1996 Veenstra et al., 1997) . Immunocyto chemical studies revealed a widespread distribution of allatostatins. They occur in central and peripheral nervous systems, on antennal hearts and on visceral muscles of different insect species (for review see Stay et al., 1994; Na Èssel, 1996; Duve et al., 1997b; Ga Ède et al., 1997) . Allatostatin genes have been cloned and sequenced in several insects (Donly et al., 1993; Reichwald et al., 1994; Ding et al., 1995; East et al., 1995; Vanden Broeck et al., 1996; Veenstra et al., 1997) .
The discovery of at least 50 different insect allatostatins (Duve et al., 1997a) and their wide distribution throughout the nervous system and in other tissues, particularly the intestine, suggest other functions in addition to regulation of juvenile hormone biosynthesis. Indeed, allatostatins were shown to control gut motility by inhibiting contractions of the fore and hindgut in insects (Lange et al., 1993 (Lange et al., , 1995 Vanden Broeck et al., 1996; Veelaert et al., 1996; Weiss & Agricola, 1996; Duve et al., 1997b) . The mechanisms underlying these physiological actions are unknown.
Recently, allatostatins were also reported in crustaceans (Abel et al., 1994; Skiebe & Schneider, 1994; Christie et al., 1995; Duve et al., 1997c; Skiebe, 1999) . In the crab Carcinus maenas, 20 different peptides of the allatostatin superfamily have been isolated. They share homology in the C terminal sequence, but none is identical to any of the insect allatostatins (Duve et al., 1997c) . Allatostatin immunoreactive (AST ir) neurons were identi®ed in the stomatogastric nervous system of crustaceans. The only physiological effects of allatostatins reported for crustaceans are slowing of the pyloric rhythm (Skiebe & Schneider, 1994) and a decrease of the gain of neuromuscular transmission in stomach muscles (Jorge Rivera & Marder, 1997) .
In adult insects and crustaceans, only visceral and heart muscles were known to be innervated and modulated through AST ir neurons, although motor neurons supplying maxillary and thoracic skeletal muscles in larvae of Manduca sexta show AST immunoreactivity (Davis et al., 1997) . We recently detected AST immunoreactivity on skeletal muscles of the locust (Kreissl et al., 1995) and on ®bres of the dorsal extensor muscles in the crustacean Idotea. These ®ndings suggest that allatostatin may act as a modulatory peptide on skeletal muscles of arthropods.
Investigating this peptidergic innervation, we discovered in Idotea a set of AST ir motor neurons supplying identi®ed skeletal muscle ®bres and found novel mechanisms of action. Allatostatin exerts two complementary inhibitory effects: presynaptically, it reduces evoked transmitter release from excitatory neuromuscular terminals and, postsynaptically, it decreases the contraction of muscle ®bres.
Materials and methods

Animals
Experiments were performed on the isopods Idotea baltica and Idotea emarginata and the crab Eriphia spinifrons. The isopods were obtained from the Zoological Station in Naples, Italy and from the Biologische Anstalt Helgoland, Germany. The crabs were collected in Naples. In Konstanz, the animals were kept in arti®cial seawater at 16°C.
Preparations and solutions
In Idotea, the dorsal extensor muscles from the pereion segments (i.e. the free thoracic segments bearing legs) of adult males of 10 15 mm body length were used. After anaesthetizing the animal by chilling, the head and the legs were removed. To expose the dorsal extensor muscle ®bres, the specimen was pinned ventral side up on Sylgard. Pereion sternites with attached¯exor muscles and the ventral nerve cord were cut away. The gut, the tubes of the digestive gland, the gonads with the vasa deferentia and the heart were removed.
The saline had a composition of (in mM) NaCl, 490; KCl, 8; CaCl 2 , 10; MgCl 2 , 12; HEPES, 10, at pH 7.4. Allatostatin 1 and 3 were purchased from Sigma (Deisenhofen, Germany). They are now termed Dip AST 7 and Dip AST 8, respectively (Ga Ède et al., 1997) . The peptides were dissolved in distilled water at 1 mM concentration and stored at 20°C. Stock solution aliquots were diluted in saline prior to experiments. The peptide containing solutions were applied to the bath by means of a switching port of the superfusion system (contraction measurements) or through a pipette (excitatory junc tional potential/EJP recordings). For macropatch recordings from single release sites, solutions were applied by pressure through a microperfusion system of the electrode (for details see Dudel, 1989) .
The experiments were carried out at room temperature or at 18°C (contraction recordings).
Immunostaining
For identi®cation of Dip AST 7 immunoreactive (Dip AST 7 ir) neurons, body halves or isolated ventral nerve cords were ®xed in 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4 for 2 4 h at 4°C. After washing, permeabilizing and blocking of nonspeci®c binding of antibodies, the specimens were incubated in a 1 : 2.000 solution of the polyclonal anti Dip AST 7 serum (Vitzthum et al., 1996) in phosphate buffered saline containing 0.5% Triton X 100 with 0.2% BSA. After washing, the tissue was treated either by incubation in a Cy 3 conjugated goat antirabbit IgG (1 : 500, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) or by binding the primary antiserum with the ABC kit (Vector Laboratories, Burlingame, CA, USA). To con®rm the ®ndings from whole mount preparations, serial sections of the ventral nerve cord and dorsal extensor muscles were analysed. The preparations were ®xed 4 h in an ice cold solution of 4% paraformaldehyde and 0.5% glutaralde hyde in 0.1 M phosphate buffer at pH 7.4. After washing, they were dehydrated, cleared in xylene and immersed in paraplast overnight. Immunostaining was performed on 12 mm sections using the ABC method following the protocol for whole mount preparations but with shorter incubation times. The primary antiserum was diluted 1 : 10.000. After dehydration, the sections were cleared in xylene and mounted in Entellan (Merck, Darmstadt, Germany).
Back®lls and double labelling experiments
To identify Dip AST 7 ir motor neurons innervating the extensor muscle ®bres, retrograde axonal ®lling with Lucifer Yellow (Molecular Probes, Eugene, OR, USA) was combined with antibody labelling. The isolated nerve cord, with nerves N1 to N3 attached, was pinned on a Sylgard coated dish ®lled with saline. The cut end of N3B was lifted into a small Vaseline pot ®lled with a 3.5% solution of Lucifer Yellow in distilled water, and then sealed with Vaseline. Enough saline was added to keep the specimen wet. Diffusion and retrograde transport of Lucifer Yellow was allowed to take place at room temperature for 1 h. The nerve cord was then ®xed in 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4 for 2 4 h. For double labelling, Lucifer Yellow ®lled preparations were immunos tained as described above.
Tension measurements
Contraction studies were performed on Idotea with the short extensor ®bre 2 of pereion segment 7. This segment was excised by cutting the anterior intersegmental membrane and by transecting pleon segment 1. The isolated preparation, containing a complete set of the four short ®bres 1 4, was transferred to a temperature controlled 0.5 mL bath. The posterior end of the preparation was attached to a miniforceps mounted on a micromanipulator. The ®bres were stretched to in situ resting length. The bath was continuously perfused with precooled saline (18°C) at a¯ow rate of 0.5 mL/min.
The contraction force of single ®bres was registered isometrically by means of a force transducer KG3 (Scienti®c Instruments Gu Èth, Heidelberg, Germany) which was connected to the anterior segmental rim with a small pin, and its output was fed into a bridge ampli®er (Scienti®c Instruments Gu Èth, Heidelberg, Germany). Contractions were evoked by constant current or voltage clamp stimulation. Prior to each peptide application, at least three control measurements were made. Only preparations with a consistent peak value of muscle tension upon identical depolarization steps were used.
For current injection and voltage measurements, an AxoClamp 2B ampli®er (Axon Instruments, Foster City, CA, USA) was used. Intracellular electrodes were ®lled with a 1 : 1 mixture of 3 M KCl and 3 M K + citrate and had DC resistances between 2 and 5 MW. To reduce capacitative coupling between the two electrodes, a grounded shield was placed between them.
Macropatch recordings: Idotea
For macropatch recordings of excitatory junctional currents (EJCs), ®bre 5 from pereion segments 6 and 7 was used. The preparation for exposing the ®bres was identical to that described above, but the segment containing the muscles to be studied was not excised. The preparation was kept in a small continuously perfused Sylgard chamber. In experiments where transmitter release at individual neuromuscular junctions was not stimulated by depolarizing pulses through a macropatch electrode (see below), nerve N3 (Fig. 1C ) of pereion ganglion 5 or 6 was stimulated through a suction electrode with single pulses at 0.5 or 1 Hz. For these experiments, animals anaesthetized by chilling were divided near the midline leaving the ganglia of the ventral nerve cord intact in one half. The half segments were split and pinned ventral side up in a Sylgard dish. This preparation was also used for intracellular recordings of EJPs.
For extracellular recording of EJCs generated at individual release sites, macropatch electrodes with opening diameters of 10 15 mm and DC resistances of 0.1 0.3 MW were ®lled with saline. The signals were recorded through an ampli®er designed for recording from, and stimulating, individual release sites (Zeitz Instruments, Augsburg, Germany). Optimal release sites producing fast rising EJCs, and with occurrence of single spontaneously released quanta of an amplitude of » 500 pA were found by trial and error by moving the recording electrode along the length of the ®bres while delivering depolarizing current pulses of 0.1 0.5 ms duration and 2 8 mA amplitude through the patch electrode (Dudel, 1981) . The electrode could be pressure perfused with different test solutions as described by Dudel (1989) .
Seal resistance was monitored by applying a test current pulse through the electrode. Only experiments in which seal resistance did not change by > 5% throughout the experiment were used for further analysis.
Eriphia
Electrophysiological studies were performed on identi®ed slow contracting ®bres (Rathmayer & Maier, 1987) of the closer and opener muscles of walking legs. Preparation, composition of the muscles of different ®bre types and methods for stimulation of individual axons (closer: the slow and the fast excitor SCE and FCE; opener: the excitor OE) have been described (closer: Rathmayer & Erxleben, 1983; opener: Wiens et al., 1988) . In the closer, we used ®bre 2, rarely ®bre 3, and in the opener the three most distal ®bres. Evoked EJCs from individual release sites were recorded extra cellularly using the focal macropatch technique (see above). Analysis of quantal parameters of transmitter release was performed for the SCE. The mean quantal content (m) of EJCs was determined directly by counting single quanta and comparison with the number of trials. The number of putative release sites (n) and the mean probability for release at the recorded site (p) were calculated by adopting binomial statistics (Zucker, 1973; Cooper et al., 1995) . Usually, at least 500 samples were analysed.
For FCE and OE, the quantal content of the EJCs was higher than with SCE (0.7 for SCE, 7 10 for FCE, 12 15 for OE) and varied little in a given experiment. Therefore, with 0.5 Hz stimulation, 250 500 EJCs were averaged electronically.
Data acquisition
Pulse protocols and data acquisition for contraction measurements were controlled by a DigiData 1200 interface (Axon Instruments Inc., Foster City, CA, USA) connected to a PC. Data were analysed using pClamp (Axon Instruments Inc.) and Origin (Microcal TM Software Inc., Northampton, MA, USA) software. Neurally evoked EJPs were recorded on a digital storage oscilloscope (Type 1425, Gould, Essex, UK). EJCs recorded with macropatch electrodes were either stored on tape (Racal 4 DS, Hythe, UK) or on a PC using an interface and patchclamp software ISO 2 (M. Friedrich, Niedernhausen, Germany).
Results
Nervous system and innervation of extensor muscle ®bers of Idotea
The central nervous system of Idotea ( Fig. 1A and B) resembles that of malacostracan crustaceans (Walker, 1935) . It consists of 20 ganglia corresponding to the neuromeres of the 20 segments making up the body. The brain consists of three fused neuromeres (the proto , deuto and tritocerebrum) and is tilted into a dorsoventral axis above the esophagus. The ®rst ganglion of the ventral nerve cord is the (1 4) and two long ®bres originating in this segment and extending into the adjacent anterior segment [®bres 5(6) and 6(6)], and two long ®bres spanning into this segment but originating in the posterior segment 7 [®bres 5(7) and 6 (7)]. Innervation of the ®bres of segment 6 is provided through nerve N3D which is a branch of N3 leaving from the connective of the pereion ganglion located in segment 5. Anterior is shown to the left. DV, lateral dorsoventral muscle; F, ventral¯exor muscle; mpg, maxillipedal ganglion; peg, pereion ganglion; plg, pleon ganglion; seg, subesophageal ganglion. N1, N2and N3, segmental nerves. N3A D, branches of N3.
subesophageal ganglion which also consists of three fused ganglia (of the mandibular and the ®rst and second maxillar segments). It is followed by eight thoracic ganglia: the ®rst is the maxillipedal ganglion in the ®rst thoracic segment which is fused with the six head segments to form the cephalothorax. The following seven thoracic segments are free to move and form the pereion. Each segment contains a separate ganglion (peg 1 7, see Fig. 1B ). The pleon consists of six segments of which only segments 1 and 2 are free to move, the others are fused to form the pleotelson. Of the corresponding six ganglia in the pleon, the ®rst 4 are separate (plg 1 4 in Fig. 1B) . The last two are fused to form the terminal ganglion (plg 5, Fig. 1B) . The pereion segments bear uniramous legs (pereiopods). The pleon segments also bear legs, the ®rst pair modi®ed as gonopods and the next four having rami functioning as gills, and the last being large plates covering the gills.
All pereion ganglia (Fig. 1C) have three main pairs of nerves (N1, N2 and N3) which exit laterally. N1 and N2 originate in the ganglion and supply the extrinsic and intrinsic muscles of the pereiopods. They also contain the sensory afferents from the body wall, endopodite and exopodite (Okada & Kuwasawa, 1995, shown for the isopod species Bathynomus doederleini). N3 branches posterolaterally from the connective. In each segment, N3 innervates the ventral¯exor, the dorsal extensor muscles and part of the musculature of the lateral body wall. Whereas N1 and N2 of a particular pereion ganglion supply the muscles of the legs belonging to the same segment, N3 has its targets in the adjacent posterior segment; e.g. N3 of pereion ganglion 5 supplies muscles in pereion segment 6 (Fig. 1C) .
Each pereion segment and the ®rst two pleon segments contain bilaterally symmetric dorsal extensor muscles. The number of ®bres composing a single extensor muscle differs, but is characteristic for each segment. Three to ®ve ®bres are short and con®ned to that segment (e.g. in pereion segment 6 the ®bres numbered 1 4 in Fig. 1C ). In pereion segments 1 5, one additional long ®bre spans two segments by extending into the adjacent anterior segment and is thus also part of the ®bre set in that segment. In pereion segments 6 and 7 and in pleon segments 1 and 2, two long ®bres extend anteriorly into the adjacent segment, e.g. the ®bres 5 (6) and 6 (6) in Fig. 1C (the number in parenthesis refers to the segment in which the ®bre originates).
In summary, pereion segment 1 contains ®ve ®bres (three short, two long), pereion segments 2, 3 and 4 have six (four short, two long), pereion segment 5 contains eight (®ve short, three long) and pereion segments 6 and 7 as well as pleon segments 1 and 2 each contain eight ®bres (four short, four long).
Distribution of Dip-AST-7-ir axons on extensor muscle ®bres in Idotea
In all pereion segments, Dip AST 7 ir axons accompany the long extensor muscle ®bres. On the short extensor ®bres, Dip AST 7 immunoreactivity was not detected. The immunoreactive axons run on the surface of the long ®bres and extend with them at least into the neighbouring segments. Along their course these axons form many varicosities ( Fig. 2A) and give rise to a few branches which are restricted to the long ®bres. In the pereion segments 2 6, these branches form¯at bouton like endings (Fig. 2B ) in the regions of the anterior segmental boundaries.
The immunoreactive innervation is supplied through nerve N3D (Fig. 2C ) which branches from N3 (Fig. 1C) . In each N3D, except the one containing the axons from peg 4, a single Dip AST 7 ir axon was detected in whole mount preparations (Fig. 3C ) and in serial sections. When N3D contacts the long muscle ®bres (Fig. 2C) , the axon divides and projects anteriorly and posteriorly and joins the immunoreactive axons originating from N3D of neighbouring segments. In the pereion segment 7 and the pleon segments 1 and 2, a dense meshwork of varicose immunoreactive processes is present on the long muscle ®bres (Fig. 2D) . Some of the varicose processes originate from anterior segments. This meshwork does not appear to be directly attached to the muscle ®bre and may be a neurohaemal release site for allatostatins.
Dip-AST-7-ir neurons in the ventral nerve cord of Idotea
Each pereion ganglion contains 10 16 Dip AST 7 ir somata. Of these, one pair in the anterior lateral part of the ganglion is particularly prominent because of the large size (diameter, 30 35 mm) and the staining intensity of the cells (Fig. 3A and B) . This immunoreactive pair was never seen in segments 4 and 6 (n = 30). All the other somata (i.e. eight to 14 in each ganglion) stain with variable intensity and their localization varies depending on the segment (see schematic representation, Fig. 4 ). Numerous Dip AST 7 ir processes ramify throughout each ganglion (Fig. 3C) . Their density is higher in the posterior than in the anterior part. In addition, at least ®ve immunoreactive axons run through each connective (Fig. 3C) . One of these axons apparently traverses all ganglia of the pereion in a dorsal tract.
In pereion segments 1 3 and 5 7, one immunoreactive axon leaves the corresponding ganglion on each side through N3 (Fig. 3C) . In whole mount preparations, this axon could be traced into N3D supplying the extensor muscle ®bres, but because of the numerous immunoreactive varicosities and branches in the neuropil, it could not be traced to any of the stained somata. In order to identify the soma of this Dip AST 7 ir motor innervation, double labelling experiments were performed.
Back®lls and double labelling of neurons
Unilateral back®lls of nerve N3B with Lucifer Yellow stained up to 21 somata distributed over three neighbouring pereion ganglia (up to 18 in the corresponding segmental ganglion, one cell in the adjacent anterior and two cells in the adjacent posterior ganglion). In each pereion ganglion, a prominent pair of cells was stained in the anterior lateral halves. In pereion ganglia 2, 3 and 5, subsequent treatment with the allatostatin antiserum revealed a single double stained ipsilateral cell body in this position (Fig. 5) . This cell is one of the large, immunostained pair described above. In pereion ganglia 1 and 7, the pair of anterior lateral Dip AST 7 ir neurons and the stained axon in N3 were consistently found. In pereion ganglion 6, the immunoreactive axon leaving the ganglion through N3 is also present. As a corresponding immunoreactive soma was not clearly detected in this ganglion, the origin of the stained axon is not clear yet. Thus we conclude that a homonomous pair of Dip AST 7 ir motor neurons is present in all pereion ganglia except 4. Figure 4 summarizes the results in a schematic representation.
Contraction measurements on individual extensor muscle ®bres
To investigate myomodulatory effects of allatostatins in Idotea, we recorded contractions of single short ®bres (®bre 2 of the dorsal extensor muscle in the isolated pereion segment 7). These ®bres have a diameter of » 200 mm and a length of » 750 mm. Their resting membrane potential lies at 70 T 3 mV (SD, n = 51). The input resistance varied in different preparations from 200 to 600 kW. Under experimental conditions, graded depolarizations to potential values above the excitation contraction threshold (EC threshold) result in graded contractions. Depolarizations under current clamp or voltage clamp conditions showed an EC threshold of 40 T 6 mV (n = 40). Clamping the ®bres from holding potentials between 75 and 70 mV to various values above EC threshold evoked graded contractions proportional to the depolarization steps (Fig. 6A left, B) . Repeated contractions of the muscle ®bres were frequently accompanied by a decrease in peak tension. To avoid this fatigue, ®bres used to examine allatostatin effects were depolarized only moderately beyond EC threshold, resulting in contractions which did not reach maximal tension. 8 is presented in Fig. 6 . The allatostatin effects occurred within minutes of application and persisted as long as the peptide was present (usually 10 min). In four out of 17 experiments, the amplitude of evoked contractions returned to control levels after washing. In the others, the effects of allatostatin persisted for as long as 2 h of washing. The contraction amplitude (measured at its peak) developed by individual ®bres varied considerably among preparations. Figure 7A shows examples from six preparations in which, at similar voltage steps, muscle tension ranged from 65 to 275 mN in the controls. In every case this tension was markedly decreased by 10 6 M Dip AST 8. Pooling the data (Fig. 7B) shows a signi®cant average reduction of tension by 48 T 8% of control (SD, n = 6, P`0.001, paired Student's t test).
To determine whether the allatostatin induced decrease in the contraction amplitude was associated with changes in passive electrical membrane properties, ®bres were current clamped in control saline and in the presence of allatostatin. As revealed from current voltage plots (not shown), allatostatin did not signi®cantly alter input resistance (P`0.001, paired Student's t test). This excludes the possibility that the reduction of contraction amplitudes was caused by a decrease of the resting membrane permeability of the muscle ®bres by the peptide. These ®ndings are also documented in recordings of evoked EJPs. Dip AST 7 (10 6 M) did not affect the resting membrane potential or the time course of decay of the EJPs, although it markedly reduced their amplitudes (Fig. 8A) .
Effects of allatostatin on transmitter release
Application of Dip AST 8 (10 8 10 6 M) onto synaptic terminals through the pressure perfused macropatch electrode always signi® cantly reduced the amplitude of evoked EJCs (Fig. 8B) by an average of 34 T 17% (n = 9, P`0.005, paired Student's t test).
The observed decrease in the EJC amplitudes could be due to an effect of allatostatin on parameters of transmitter release. It could also result from postsynaptic effects due to a reduction of the number of transmitter gated ion channels or a change in their sensitivity. To discriminate between pre and postsynaptic mechanisms, we simultaneously analysed the amplitudes of both the EJCs evoked FIG. 4 . Schematic representation of Dip AST 7 ir neurons in the pereion ganglia 1 7 of Idotea. Peg 1, 2, 3, 5, and 7 contain the paired Dip AST 7 ir motor neurons, whose axons exit through nerves N3. In peg 6, these axons are also present in N3, but the corresponding somata could not be assigned. by macropatch stimulation and the miniature EJCs (mEJCs) caused by spontaneous release at the same site. Figure 9 shows typical results obtained from a ®bre 5. In this experiment, 10 6 M Dip AST 8 reduced the amplitude of the evoked EJCs by 48% (2.23 nA T 0.3 in control; 1.16 nA T 0.3 in allatostatin). The amplitude of the mEJCs, however, remained in the same range throughout the experiment (0.4 nA T 0.1 in control; 0.39 nA T 0.09 in the presence of allato statin). The absence of allatostatin effects (n = 4) on the amplitude of mEJCs generated by spontaneously released single transmitter quanta in the presence of strong inhibitory effects of the peptide on EJCs suggests that the reduction of EJC amplitudes is due to a presynaptic effect (see also below).
The inhibitory effects of allatostatin could not be reversed within 30 min of washing. Washing for 1 h restored the original EJC amplitudes in only one experiment out of nine.
Effects of allatostatin on parameters of evoked release in Eriphia
The neuromuscular junctions on slow contracting ®bres in leg muscles of the crab Eriphia permit a further analysis of the mechanisms underlying the inhibitory presynaptic effect of allatos tatin suggested by the results on spontaneous transmitter release in Idotea. Unlike to the situation in Idotea, the Eriphia preparation enables the selective stimulation of single identi®ed excitatory axons. It is thus possible to analyse the effects of allatostatin on parameters of evoked transmitter release quantitatively. In addition, the two motor neurons (the slow and the fast excitor, SCE and FCE) providing double excitatory innervation to some ®bres in the closer muscle, are of different functional type (Rathmayer & Erxleben, 1983) . We also investigated whether allatostatin exerts its inhibitory modulatory effect on both types of motor neurons.
Allatostatin always decreased the amplitudes of EJCs in the opener and the closer muscle of Eriphia (Fig. 10) . In the opener, the amplitudes of EJCs ranged from 2.5 to 8 nA. 10 6 M Dip AST 7 decreased the averaged amplitudes signi®cantly by 37.7 T 15.7% (n = 3, P`0.005, paired Student's t test). A typical result upon stimulation of the opener excitor OE is seen in Fig. 10A 2 . The mean amplitude of 5.3 nA in the control was reduced to 3.2 nA in the presence of 10 6 M Dip AST 7. When the EJCs are binned and the results plotted as a histogram (Fig. 10A 1 ) , a shift to the left is evident.
A similar signi®cant reduction of EJC amplitudes by allatostatin was seen with muscle ®bres of the closer regardless of whether FCE or SCE was stimulated ( Fig. 10B and C) . In different experiments, the EJC amplitudes elicited by FCE ranged from 3 to 7 nA. 10 6 M Dip AST 7 reduced the averaged amplitudes by 36.6 T 11.1% (n = 6, P`0.005, paired Student's t test). The effect could be partially reversed by washing in only one experiment. But even in that experiment, the original amplitude of 5.7 nA for the averaged EJCs was not fully regained after 25 min of washing (®nal amplitude 4 nA, 3.4 nA in the presence of allatostatin). A typical example for FCE is presented in Fig. 10B 2 . In this experiment, allatostatin reduced the averaged EJC amplitude by 51% (control 4.5 nA, in the presence of allatostatin 2.2 nA). The averaged amplitudes of EJCs elicited by stimulation of SCE were reduced in the presence of allatostatin by 21.5 T 6.4% (n = 4, P`0.001, paired Student's t test). A macropatch recording from a SCE terminal is shown in Fig. 10C 2 . In this experiment, 10 6 M Dip AST 7 decreased the average amplitude by 26% (control 2.7 nA, in allatostatin 2.0 nA).
As the amplitudes of spontaneously released single quanta (mEJCs, not shown) were not changed, the effects of Dip AST 7 are attributable to a presynaptic inhibitory effect on evoked transmitter release.
Through stimulation of the SCE, a direct quantal analysis of evoked transmitter release is possible by counting single quanta because of the small number of quanta released by each action potential. Thus, a quantitative determination of release parameters employing binomial statistics is feasible. The mean quantal content m was directly determined as described in the methods section. Table 1 summarizes the results, giving the numbers of transmitter quanta released (0, 1, 2, 3 or 4) for » 500 trials in either controls or in the presence of 10 6 M Dip AST 8 (n = 4). It is evident that allatostatin increased the number of failures signi®cantly. The number of release sites n under the opening of the electrode was two in Experiment 1, and one in each of the other three experiments. This parameter was not affected by the peptide. Only the probability of release p and therefore the mean number m of quanta released were signi®cantly reduced by the peptide (see Table 1 ). On average, m was reduced by 36.3 T 9.4% (P`0.001, paired Student's t test) and p by 30.5 T 12.9% (P`0.005, paired Student's t test).
The EJC amplitudes elicited by single quanta in evoked release upon stimulation of SCE in the presence of allatostatin were not different from those in controls. This result parallels that observed for spontaneous release in Idotea. It proves that the reduction of EJC and EJP amplitudes by allatostatin observed in different muscles is indeed due to a presynaptic effect. Allatostatin reduces the mean number of transmitter quanta released by each action potential invading the terminals.
Discussion
Immunocytochemical identi®cation of Dip-AST-7-ir neurons
In this study, immunoreactivity was detected using a polyclonal antiserum raised against allatostatin (Dip AST 7) from the cockroach Diploptera with the amino acid sequence APSGAQRLYGFGL NH 2 . In competitive ELISA tests, Vitzthum et al. (1996) demonstrated the speci®city of this antiserum for ®ve Dip allatostatins, with a sensitivity for Dip AST 7 (in their paper, Dip AST 1) two orders of magnitude higher than for the others.
Four of these allatostatins were shown to decrease the frequency of the pyloric rhythm in the crab Cancer borealis (Skiebe & Schneider, 1994) . Dip AST 8 (in their paper, Dip AST 3), with the sequence GGSLYSFGL NH 2 , was only slightly more effective, whereas Jorge Rivera & Marder (1997) found it decidedly more potent. Dip AST 7 and Dip AST 8, which we used for our physiological experiments, share leucine (L) as pretyrosyl (Y) residue and contain glycine (G) or serine (S) as post tyrosyl residue. Recently, 20 neuropeptides of the allatostatin superfamily with the common C terminal pentapeptide sequence YXFGL NH 2 were isolated from Carcinus maenas (Duve et al., 1997c) . They contain either a post tyrosyl alanine (A) or serine (S) residue, the latter being identical with the post tyrosyl serine of Dip AST 8. We therefore conclude, despite the high concentration of antiserum used in our immunocytochemical protocols for whole mounts, that the immunoreactivity we found is indeed due to speci®c binding of the Dip AST 7 antiserum to a crustacean allatostatin of the subfamily sharing the YSFGL NH 2 sequence, which is present and functional in Idotea. The concentrations of 10 6 M needed to produce the physiological effects in our laboratory and in previous studies with crustaceans (Skiebe & Schneider, 1994; Jorge Rivera & Marder, 1997) might be explained by sequence differences in the N terminal between Diploptera allatostatins and those present in crustaceans.
The Dip AST 7 ir neurons identi®ed in the nerve cord of Idotea showed considerable variations in staining intensity and position, depending on the ganglion and preparation. Segmental pairs of large, intensely stained neurons are the only Dip AST 7 ir motor neurons supplying skeletal muscles. These neurons were identi®ed in all pereion ganglia except in segments 4 and 6. By back®lling N3 in pereion ganglion 4, a homonomous pair was consistently found, but it never showed Dip AST 7 immunoreactivity. This raises the question whether these paired motor neurons contain allatostatin as their only transmitter or whether allatostatin is a cotransmitter which is absent or replaced by another modulator in the pair of segment 4.
The absence of the paired Dip AST 7 ir motor neurons in pereion ganglion 4 does not imply that the extensor muscles in the corresponding segment 5 lack this peptidergic innervation. This segment is supplied through immunoreactive axons originating from neighbouring segments.
How does allatostatin reach its targets?
Dip AST 7 ir axons were detected in Idotea only on the long ®bres of the extensor muscles which span two segments. Immunoreactivity was absent on the short ®bres. However, the short ®bres responded to allatostatin in the same way as the long ®bres. Allatostatin may reach the short ®bres from sources other than neuromuscular contacts of Dip AST 7 ir neurons. A mesh work of immunopositive varicosities is present in the pleonal segments of the animal on the long muscle ®bres. This could act as a neurohaemal organ, releasing allatostatin into the haemo lymph for distribution to the targets via diffusion and circulation. Varicosities in the perineurium or part of the immunoreactive endings on long muscle ®bres in pereional segments could also be neurohaemal sources, as could the sinus gland or pericardial organs. In the crab Eriphia, we do not know the sources of allatostatin. However, neurohaemal release sites for allatostatin, e.g. the pericardial organs, have recently been described in several decapod crustaceans including a crab (Skiebe, 1999) . Neurohaemal release of modulatory peptides appears to be widespread in crustaceans (Siwicki et al., 1985; Stangier et al., 1986; Kobierski et 
The action of allatostatin on EJCs is due to presynaptic effects
We show that allatostatin decreases the amplitude of evoked EJCs but does not change the size of miniature EJCs resulting from spontaneous release of single transmitter quanta or the amplitude of EJCs generated by single quanta in evoked release. This proves a presynaptic mechanism of action.
This presynaptic effect of allatostatin on neuromuscular junctions of skeletal muscles represents a mechanism which differs from that postulated for stomach muscles of the crab Cancer borealis (Jorge Rivera & Marder, 1997) . In this animal, several allatostatins, most prominently Dip AST 8 (in their paper termed D AST 3), at concentrations of 10 6 M reduce the amplitude of EJCs and, as a consequence, the amplitude of contractions upon motor axon stimulation. This inhibitory effect, however, is believed to be produced by a postsynaptic mechanism through modi®cation of the transmitter receptors because allatostatin also reduced the amplitude of currents generated by ionophoretic application of glutamate and acetylcholine, the transmitters released at these muscles (Jorge Rivera & Marder, 1997) .
Effects of allatostatin on contractions
In addition to the presynaptic effect on neuromuscular transmission, allatostatin also causes inhibitory effects on the postsynaptic target, the muscle ®bres. Contractions elicited by direct stimulation of single muscle ®bres under current and voltage clamp conditions are signi®cantly reduced in amplitude. This inhibitory effect is never accompanied by changes in the passive electrical properties of the muscle ®bres. This is in accord with results obtained on stomach muscles of the crab Cancer borealis (Jorge Rivera & Marder, 1997) . We therefore assume that the signals of the Dip AST ir motor neurons do not convey excitation or inhibition to their target cells, but modulate their responses by altering their properties.
The absence of effects on passive membrane properties suggests that the peptide modulates depolarization activated membrane parameters (e.g. Ca 2+ or K + currents) or intrinsic muscle parameters regulating contraction. The possibility of modulation of membrane currents is supported by our ®ndings that, in Idotea, Dip AST 8 inhibits both depolarization accompanied K + contractures of the muscle ®bres (T. Weiss, personal communication) and evoked contractions in voltage clamp experiments. However, caffeine contractures generated by Ca 2+ release from internal stores without depolarization of the muscle ®bre, remain unaffected (T. Weiss, personal communication). We favour the idea that allatostatin depresses the Ca 2+ current and/or enhances pre existing voltage dependent K + currents. Voltage clamp analysis will be required for de®nite answers.
The pre-and postsynaptic effects of allatostatin are complementary
Our results indicate a twofold inhibitory mechanism of allatostatin. At the presynaptic site, the probability of transmitter release at motor nerve terminals is decreased, resulting in fewer quanta released by an action potential. The consequence is smaller ligand gated currents at the muscle ®bre and, thus, smaller EJPs. This will affect the depolarization of the entire ®bre upon motor neuron activity and will decrease the resulting contraction. In the presence of allatostatin, a given synaptic input therefore will be less effective. At the postsynaptic site, the reduction of the contraction amplitudes through effects on voltage gated currents will add synergistically to the presynaptic inhibitory effects.
The results with Eriphia show that at least the presynaptic effects of allatostatin are similar for a pair of antagonistic muscles and also for functionally different motor neurons innervating the same muscle ®bres. In Idotea, although Dip AST 7 ir motor neurons provide speci®c innervation to a restricted number of the extensor muscle ®bres, the peptide they release modulates all ®bres of this muscle. The similar sensitivity of both different muscles and their muscle ®bres, whether or not they receive Dip AST 7 ir innervation, and the similar effects on functionally different excitatory motor neurons suggest that allatostatin can cause a rather widespread and general downregulation of excitatory neuromuscular events, regardless of whether they are induced by activity of a slow or a fast motor neuron.
Dual peptidergic modulation of neuromuscular responses
In the same ®bres of the extensor muscles in Idotea in which the inhibitory effect of allatostatin on contractions has been studied (®bre 2), the pentapeptide proctolin potentiates the contractions (Erxleben et al., 1995) . This is achieved through several synergistic postsynaptic mechanisms. One is the enhancement of the macroscopic inward Ca 2+ current entering through dihydropyridine sensitive, voltage depen dent Ca 2+ channels (Erxleben & Rathmayer, 1997; Erxleben & DeSantis, 1998) . A second mechanism involves the closing of a voltage insensitive K + channel (Erxleben et al., 1995) . The conse quence of the latter effect is an increase in input resistance resulting in an increase in membrane time constant which prolongs the decay of EJPs and thus facilitates their summation. A given synaptic input will therefore achieve a larger depolarization of the ®bres in the presence of proctolin, thus producing an effect opposite to that of allatostatin. The presence of proctolin immunoreactive axons with numerous varicosities on the long ®bres 5 and 6 of the extensor muscles of Idotea has indeed been observed (S. Kreissl, personal communication) .
Antagonistic peptidergic regulation of muscle contraction has previously been demonstrated for the radula closer and opener, and for buccal muscles in Aplysia (Brezina et al., 1994a,b; Scott et al., 1997; review in Kupfermann, 1998) . The present work with Idotea suggests another possibility for dual peptidergic excitatory and inhibitory modulation of muscle performance; in vivo, the synaptic ef®ciency of motor activation could be up or downregulated, depending on the type and combination of modulators released. junctional current; EJP, excitatory junctional potential; FCE, fast (closer) excitor; mEJC, miniature EJC; OE, opener excitor; m, mean quantal content of EJCs; n, number of putative release sites; p, mean probability for release at the recorded site; peg 1, ganglion 1 in the the pereion; plg 1, ganglion 1 in the the pleon; SCE, slow (closer) excitor.
